Predators can vary in the risk they pose, depending upon the factors such as body size, maneuverability, hunting strategy, and diet. Prey can also detect predators with different senses, such as seeing, hearing, or smelling them. We presented wild Steller's jays (Cyanocitta stelleri annectens) with visual cues (robotic raptors) or acoustic cues (call playbacks) of 4 different raptors to test how they assess risk and how this influences their alarm calls. The assessment of risk from different predator cues varied with different species of raptors: Jays responded to sharp-shinned hawks (Accipiter striatus) with an increase in latency to resume foraging regardless of whether they were seen or heard, whereas latency responses to northern goshawks (Accipiter gentilis) were longer if they were seen versus if they were heard. Furthermore, Steller's jays altered the acoustic structure of their alarm calls depending on the species of raptor and whether they saw or heard them. These results demonstrate that Steller's jay's assessment of risk involves an interaction between predator identity and predator detection cue and in response, they alter their acoustically-simple alarm calls in surprisingly nuanced ways.
INTRODUCTION
Predation is a pervasive source of selection, often accounting for a large part of the mortality for many species (Lima and Dill 1990; Lima 1998; Caro 2005) . The risk posed to an animal by a given predator can vary depending upon many factors, such as type of predator (Seyfarth et al. 1980) , body size (Templeton et al. 2005) , hunting strategy (Sherbrooke 2008) , behavior (Marler 1955; Lima and Dill 1990; Caro 2005; Bradbury and Vehrencamp 2011) , distance (Stankowich and Coss 2006) , or habitat (Eggers et al. 2006) . Furthermore, different kinds of predator cues might also influence a prey's perception of risk. For example, visual cues provide unambiguous information about the identity, direction, distance, movement, and general behavior of a predator. In contrast, acoustic cues about predators are more ambiguous, as there is less certainty about the predator's identity, location, movement, and behavior (Billings et al. 2015 ). Yet it is not clear if animals differentially use various cue types to assess risk, nor how they incorporate this information into their antipredator behaviors.
Many animals give alarm calls in response to a predator. Studies of how animals respond to different types of predators have been instrumental in our understanding of cognitive and perceptual abilities (Blumstein and Armitage 1997; Seyfarth and Cheney 2003; Seyfarth and Cheney 2010) . Alarm calls can have simple or complicated acoustic structures (Marler 1955) and that structure can vary in systematic ways depending on risk (Blumstein and Armitage 1997; Templeton et al. 2005; Courter and Ritchison 2010; Sieving et al. 2010) . For example, in response to seeing predators of different body size, black-capped chickadees (Poecile atricapillus) alter the number of "dee" elements in their chick-a-dee call (Templeton et al. 2005) : Small predators receive significantly more "dee" elements than larger predators. However, recent work has shown that the chickadee alarm calling system is more complex: When chickadees hear rather than see a predator, they respond differently to 2 small predators with different hunting strategies. Although the number of "dee" notes given to the 2 small raptors did not differ, chickadees gave more chick-a-dee calls, more "chicka" elements, and more high frequency calls in response to acoustic cues from northern pygmy owls (an ambush predator) compared to acoustic cues from sharp-shinned hawks (a quick attack aerial predator; Billings et al. 2015 ; also see Suzuki 2014) . Taken together, these studies suggest that black-capped chickadees assess risk based on predator identity as well as how they perceive the predator (e.g., seeing vs. hearing the predator). However, more direct tests are needed of how the perceptual use of predator cues across different predators influences assessment of risk and alarm call behaviors.
We studied the assessment of risk and alarm calls of Steller's jays (Cyanocitta stelleri)-a species with a vocal repertoire that includes 2 alarm calls, the wah ( Figure 1a ) and wek ( Figure 1b ) call, as well as mimicking calls of predators ( Figure 1c ) (Walker et al. 2016 ). Steller's jays are a good species to explore discrimination and communication about predator risk. First, their vocal repertoire includes 2 different alarm calls that are acoustically simple and only contain one note or element type per call (Walker et al. 2016) . In contrast, other well-studied parids (Templeton et al. 2005; Soard and Ritchison 2009; Sieving et al. 2010; Billings et al. 2015) and Siberian jays (Griesser 2009 ) have many different note types that they can use in their alarm calls. Second, Steller's jays have a wide variety of natural predators that vary in the risk they pose.
We presented free-living, stable flocks of Steller's jays with predator stimuli at feeding stations during the winter months. We chose raptors that differed in possible threat level based on size and hunting strategy (Figure 2 ) and we experimentally manipulated whether the predator was heard or seen. Size is one factor that may be important in the risk a predator poses to prey. The allometric risk hypothesis refers to the predator-prey size ratio and it predicts that avian raptors that are about the same size or slightly larger than their prey will be the most dangerous to the prey (Templeton et al. 2005) . This is because of how size affects the aerodynamics of flight (Templeton et al. 2005; Dial et al. 2008 ): Small birds have higher power-to-mass ratios and can turn and accelerate faster than larger birds.
Hunting strategy is another factor that may be important in determining how risky a predator is to prey (Stankowich and Blumstein 2005) . Some predators hunt by stealth and require the element of surprise, whereas others chase down their prey (Figure 2 ). These different hunting strategies present different threats and animals should respond to these differences. For example, Texas horned lizards (Phrynosoma cornutum) adopt different antipredator behaviors in response to 2 snake predators that vary in their hunting strategies (Sherbrooke 2008) .
Finally, the type of cue that prey use to detect predators (e.g., hearing vs. seeing a predator) is another factor that may be important to the risk a predator poses to prey. Because the information provided about a potential predator can vary depending upon how it was detected, antipredator behaviors may also vary with cue type. For example, male wolf spiders (Schizocosa ocreata) respond to seismic and acoustic cues of an avian predator by not moving but seek cover in response to visual cues of that same predator (Lohrey et al. 2009 ).
We investigated the following 2 questions: 1) how do Steller's jays assess risk using different predator detection cues across different predators and 2) how do these factors influence their alarm calls? To test how Steller's jays assess risk, we measured the amount of time it took Steller's jays to resume foraging as a proxy for perceived risk, because reduced feeding is a common response to increased perceived risk (Brown et al. 1999 ). The longer they stayed away from the feeder the more threatening the predator. To test whether the difference in assessment is reflected in their alarm calls, we recorded the alarm calls given by Steller's jays to determine if and how they alter them in response to different stimuli.
METHODS

Raptor stimuli
We presented flocks of Steller's Jays with stimuli of 4 species of raptors-northern pygmy owl (Glaucidium gnoma), sharp-shinned hawk (Accipiter striatus), red-tailed hawk (Buteo jamaicensis) and northern goshawk (Accipiter gentilis). We chose these species because they vary in body size, hunting strategy, and diet and thus pose different threats to Steller's Jays. All 4 species are common breeders at all of our study sites. Northern pygmy-owls are small owls (approximately 52 g, Holt and Peterson 2000) about half the size of Steller's jays (approximately 106 g; Walker et al. 2016) . They are often active during the day, are generalist hunters that kill both mammals and birds, and use a perch-and-pounce hunting strategy (Holt and Leroux 1996; Holt and Peterson 2000) . Most or their prey is 30 g or less but they will occasionally attack birds much larger (such as bobwhite quail, American robins, and northern flickers; Holt and Peterson 2000) . Based on size, hunting strategy and diet, northern pygmy-owls probably pose the smallest threat to Steller's Jays.
Sharp-shinned hawks are fast and stealthy forest-dwelling hunters. Although male sharp-shinned hawks are about the same size as Steller's jays (approximately 100 g vs. 106 g), females can be much larger (approximately 175 g). Sharp-shinned hawks eat mainly small birds, with the mean prey size less than 50 g. However, they can eat larger birds such as American robins and have been recorded killing birds as large as ruffed grouse (>550 g; Bildstein and Meyer 2000) . Thus, although sharp-shinned hawks are about the same size as Steller's Jays, because of their stealthy hunting strategy and diet comprised mainly of birds, they likely pose a moderate to high threat to Steller's jays.
Red-tailed hawks are about 10 times as large (approximately 1000 g) as Steller's jays. They often soar and then dive on their prey from above. They eat a wide variety of vertebrates but take more mammals than birds (Preston and Beane 2009 ). However, they will eat jay-sized birds and are abundant at all of our study sites. Red-tailed hawks probably pose a moderate threat to Steller's jays because although they are appropriately sized to take Steller's jays, their hunting strategy and diet make them less threatening.
Northern goshawks are large forest hawks (males approximately 700-925 g; females approximately 980-1150 g; Squires and Reynolds 1997) that are fast and maneuverable hunters in dense forests. They appear to be fairly common at our study sites and we have seen or heard them at our study sites in Montana and Washington. Northern goshawks eat a wide variety of medium to large mammals and birds (Squires and Reynolds 1997) . Where they co-occur, Steller's jays are one of the most common bird species in their diet (Reynolds and Meslow 1984; Watson et al. 1998; Drennen 2006) . Northern Goshawks probably pose the highest risk to Steller's Jays because of their size, hunting strategy and diet.
Study sites
We conducted experiments at bird feeders in the Missoula Valley, MT (46°52′19′′ N, 114°59′38′′ W) and the Methow Valley, WA (48°31′34′′ N, 120°10'26" W). This work was done with IACUC approval from the University of Montana AUP 049-14EGDBS-080814.
Social behavior of Steller's jays
The same subspecies of Steller's jay, Cyanocitta stelleri annectens, occurs at both of these sites (Walker et al. 2016) . The experiments were performed between 8:00 AM and 3:00 PM in the winter months (November to March) when Steller's jays form flocks and regularly visit feeders. There is little known about the social behavior of Steller's jays during the winter (Walker et al. 2016 ) but in some places, they form large flocks. At our study sites in Montana and Washington, Steller's jays came to feeders in groups, ranging in size between 2 to approximately 15 birds. There is no information on home ranges for winter flocks of Steller's jays. Although we did not have birds individually-banded, each flock appeared to be consistently associated with a particular feeder, and remained stable in size during the winter. To minimize the chance that we tested the same jays at different feeders, we chose feeders that were far apart: The average distance between feeders was 15 km and the closest feeders were 3 km apart. It is thus very unlikely that we recorded the same individual jays at different feeders.
Hearing raptors-playback experiments
We conducted playback experiments at 18 feeders during the winters of 2012-2015. Seven of the feeders were located in Montana and 11 in Washington. Steller's jays at the feeders were exposed to 5 acoustic stimuli. We chose the song of Townsend's solitaires (Myadestes townsendi) as a control. Townsend's solitaires are common winter residents at our study sites that sing and defend patches of berries and fruit throughout the winter. We also played the territorial vocalizations of 4 raptors: northern pygmy-owl, sharp-shinned hawk, red-tailed hawk, and northern goshawk.
Because of the variability in weather from year to year not all feeders were visited every year so the sample sizes of each stimulus varied (N Townsend's solitaire = 28; N northern pygmy-owl = 28; N sharpshinned hawk = 30; N red-tailed hawk = 29; N northern goshawk = 28). However, when a feeder was used all stimuli were presented at that feeder during the field season. To make the playback stimuli and avoid pseudoreplication, we created multiple exemplars from highquality recordings from the Macaulay Library of Natural Sounds at Cornell's Lab of Ornithology (Kroodsma 1989 (Kroodsma , 1990 . The accession numbers and recording locations for the stimuli were: Townsend's solitaire (ML47553, CA; ML119411, CA; ML120266, CA), northern pygmy-owl (ML45192, Montana; ML40576, AZ), sharp-shinned hawk (ML4153, NY; ML139421, NY), red-tailed hawk (ML164412, CA; ML105680, CA) and northern goshawk (ML63118, OR; ML40509, AZ, ML105702, OR). Exemplars were randomly assigned to each feeder. To standardize across stimuli and exemplars, we used a 50% duty cycle and peak amplitude was set to 80 dB SPL A-weighting at 1 m using an Extech 407730 sound level meter (Extech Instruments, Nashua, NH) We made the stimuli in Raven Pro 1.4 (Charif et al. 2008) and saved the audio files as 24-bit WAV files.
Seeing raptors-robotic raptors
We conducted experiments at 8 feeders during the winter of 2014-2015 (N = 8 for each stimulus). Six of the 8 feeders used for the visual experiments were used for the acoustic experiments as well but the experiments were done several months apart. We presented Steller's jays with 4 robotic birds matched to the acoustic stimuli: Townsend's solitaire (adult), northern pygmy-owl (adult male), sharp-shinned hawk (adult female), and a northern goshawk (yearling female). We did not have a robotic red-tailed hawk. These robotic birds were taxidermied birds with small servo motors to move their heads. Head movements were controlled by an Arduino computer (Arduino, Torino, Italy). We videotaped perched, alert (i.e., nonpreening) birds of these species and programmed the head movements (e.g., angles of head movements, rate of head movements, and intervals between head movements) of the robotic raptors so they moved in realistic ways. In order to minimize disturbance to Steller's jays before each experiment, the robotic birds were concealed by a tube of cloth painted to resemble a tree trunk. We slowly lowered and raised the false tree trunk from a distance (approximately 15-20 m) using a modified radiocontrolled garage door opener.
Experimental design
The speaker for the playbacks was hidden in natural vegetation and placed between 15 m and 20 m from the feeder approximately 2 m off the ground. The variation in the speaker distance from the feeder was due to the variation in distance of the vegetation available to hide the speaker. The robotic birds were placed between 15 m and 20 m from the feeder and approximately 2 m off the ground. An acoustic stimulus and a visual stimulus were never presented on the same day. After placing the speaker or robotic bird near the feeder, we waited until the birds returned to normal foraging activity before starting an experiment. Because all these experiments were performed at feeders, the birds were habituated to human activity and did not seem disturbed by our presence and quickly returned to normal foraging.
For the playback experiments, the calls were played from an Apple iPhone 4 (Model No. A1349, EMC No. 2422, frequency response curve is flat between 20 Hz and 20,000 Hz, Apple, Cupertino, CA) connected to a PigNose Legendary 7-100 field speaker (frequency response curve is flat between 500 Hz and 17,000 Hz, PigNose, Las Vegas, NV). When the birds returned to feeding regularly and at least 1 jay was perched on the feeder we began the 2-min playback (exposure). We recorded the vocalizations with a Sennheiser 67 shotgun microphone (Sennheiser, Wedemark, Germany) into a Marantz PMD 661 (Marantz, Kanagawa, Japan) recorder at 48 kHz sampling rate and 24-bit depth.
For the visual cue experiments, we recorded vocalizations with a Sennheiser omnidirectional microphone (Sennheiser, Wedemark, Germany) and a Roland R-26 recorder (Roland, Hamamatsu, Japan) at 48 kHz sampling rate and 24-bit depth.
When at least 1 jay was perched on the feeder, we remotely lowered the tree trunk to reveal the robotic bird for a 4-min exposure period. At the end of the exposure, we remotely raised the tree trunk concealing the robotic bird. We chose a longer exposure period for the visual than the acoustic experiments to ensure that Steller's jays would have time to notice the robotic bird before it was concealed.
Behavioral analysis
We measured the latency to resume foraging of the flock as a proxy for threat level. If the Steller's jays fled in response to a stimulus, we measured how long it took for any Steller's jay flock member to return to the feeder. Because we were unable to identify individuals within the flocks, this was meant as a measurement of the flock response to the stimuli. We assumed that the perceived threat level of a predator stimulus was correlated with the length of time that Steller's jays stayed away from the feeder.
Acoustic analysis
Although Steller's jays have a complex vocal repertoire, the most common calls given in the winter months at our field sites are wah, wek, and red-tailed hawk mimetic calls. We analyzed all recordings using Raven Pro 1.4 (Charif et al. 2008) . Spectrograms were made of each recording using Hann window type with a 50% overlap and a window size between 512 and 1150 samples. We measured 11 acoustic variables (Figure 1 ): 1) The average number of wah calls during the exposure period, 2) the average number of elements per wah calls, 3) the average duration of each wah element, and 4) the average duration of the interval between each wah element within a wah call, 5) the ratio of wah element duration to interval duration between the wahs (i.e., wah duty cycle), 6) the average number of wek calls during the exposure period, 7) the average number of elements per wek calls, 8) the average duration of each wek element, 9) the average duration of the interval between each wek element, 10) the ratio of wek element duration to interval duration between weks (i.e., wek duty cycle), and 11) the average number of red-tailed hawk mimetic calls during the exposure period. For the average number of call variables (wah, wek, and red-tailed hawk mimics), we counted the number of each call type for the exposure period then averaged by the exposure period (2 min for acoustic playbacks and 4 min for robo-raptor presentations) and analyzed as an average per exposure period (e.g., for a given experiment, the number of wah calls were added and divided by the duration of the exposure period). For the element variables, we added the number of elements together and divided by the number of calls to get an average number of elements per call per exposure period. For the element duration and element interval duration, we added the durations for the exposure period and divided by the number of elements or element intervals to give an average duration or interval duration for the exposure period. Finally, for the ratio of element duration to interval duration (i.e., duty cycle), we took the ratio of the average element duration per stimulus and divided by the average element interval duration per stimulus. Because we did not have a robotic red-tailed hawk, we only analyzed the number of red-tailed mimetic calls for the acoustic stimuli. There were very few red-tailed hawk mimetic calls to any of the visual stimuli and they were not significantly different from one another or the matched acoustic stimuli (P < 0.05).
Statistical analysis
We constructed linear mixed effects models using maximum likelihood for each of the 9 variables. For all the wah and wek variables, we assigned stimuli (4 levels: Townsend's solitaire, northern pygmyowl, sharp-shinned hawk, northern goshawk), exposure period (2 levels: exposure, postexposure), and cue (2 levels: acoustic, visual) as fixed effects. Because there were differences in flock size and behavior and the possibility that individuality of alarm calls within a flock may result in some of the differences in calling behavior, feeder location (20 levels) was assigned as a random effect to account for these differences before testing the fixed effects for significance. All fixed and random effects were tested for significance using likelihood-ratio tests. The random effect of feeder location was significant in all models (P < 0.05) and so, it was kept in each model to account for those differences while testing the fixed effects. We ran the red-tailed hawk mimetic calls with only acoustic stimuli (5 levels: Townsend's solitaire, northern pygmy-owl, sharp-shinned hawk, red-tailed hawk, northern goshawk) and exposure period (2 levels: exposure, postexposure) as fixed effects and with feeder location (18 levels) as a random effect.
Residuals from the models failed a Shapiro-Francia test for normality, so following Faraway (2004) and Galecki and Burzykowski (2013) , we used parametric bootstraps on each variable run 999 times (Faraway 2004; Galecki and Burzykowski 2013) . To identify how the responses differed between all stimuli, playback and cue categories, any models that were significant from the fixed effect bootstraps were run with a Tukey−Kramer post hoc test. This is a conservative correction and is the best available when doing all pairwise comparisons when sample sizes are unequal. Because Tukey−Kramer tests also assume a normal distribution, we ran parametric bootstraps on all pairwise comparisons. All statistical analyses were done in R using the lme4 package with an α of 0.05 (Bates et al. 2015) .
RESULTS
Do Steller's jays assess risk using different predator detection cues for different predators?
Steller's jays differed in their latency to resume foraging depending on the cue and predator identity (Figure 3 ; Stimuli × Cue: χ 2 = 80.49, df = 4, P < 0.001). They took longer to return to foraging after exposure to a sharp-shinned hawk or northern goshawk than after exposure to the control (sharp-shinned vs. control: P < 0.001; goshawk vs. control: P < 0.001; Figure 3 ). They did not distinguish between seeing or hearing a sharp-shinned hawk (visual sharp-shinned vs. acoustic sharp-shinned: P = 0.391; Figure 3 ) but they took longer to return to foraging when they saw a goshawk than when they heard a goshawk (visual goshawk vs. acoustic goshawk: P = 0.013; Figure 3) . In response to hearing a red-tailed hawk, they stayed away significantly longer than when exposed to a northern pygmy-owl or control (acoustic red-tailed vs. acoustic pygmy-owl: P = 0.026; acoustic red-tailed vs. visual pygmy-owl: P = 0.280; acoustic red-tail vs. acoustic control: P = 0.004; acoustic red-tail vs. visual control: P = 0.077; Figure 3 ).
How risk factors influence jay alarm calls?
Steller's jays varied a number of features of their alarm calls depending on the interaction between predator identity and cue type. Consistent with their foraging behavior, Steller's jays produced different alarm calls depending on whether they saw or heard a northern goshawk. When Steller's jay's saw a northern goshawk, they gave more wah calls (Stimuli × Exposure × Cue: χ 2 = 33.88, df = 10, P < 0.001) in comparison to all the other stimuli (Figure 4a ; visual goshawk vs. visual sharp-shinned: P = 0.017; visual goshawk vs. visual pygmy-owl: P < 0.001; visual goshawk vs. visual control: P < 0.001; visual goshawk vs. acoustic sharp-shinned: P < 0.001; visual goshawk vs. acoustic pygmy-owl: P < 0.001; visual goshawk vs. acoustic control: P < 0.001) with more wah elements (Stimuli × Exposure × Cue: χ 2 = 16.99, df = 10, P = 0.075) than to all the other stimuli except seeing a sharp-shinned hawk (Figure 4b ; visual goshawk vs. visual sharp-shinned: P = 0.937; visual goshawk vs. visual pygmy-owl: P = 0.004; visual goshawk vs. visual control: P = 0.010; visual goshawk vs. acoustic sharp-shinned: P = 0.010; visual goshawk vs. acoustic pygmy-owl: P = 0.037; visual goshawk vs. acoustic control: P = 0.002). Steller's jays also increased the duty cycle of their wek call, meaning the wek elements were longer than the intervals between the wek elements (Stimuli × Exposure × Cue: χ 2 = 20.716, df = 10, P = 0.023) in comparison to hearing a northern goshawk (Figure 4c ; visual goshawk vs. acoustic goshawk: P = 0.023). There was no effect of stimuli on just the duration of the wek elements (P = 0.908) or the intervals between the wek elements (P = 0.607) but only the ratio of wek element duration to wek interval duration (P = 0.023). When they heard a northern goshawk, they increased the number of wek elements per wek call in comparison to seeing a northern goshawk (Figure 4d ; acoustic goshawk vs. visual goshawk: P = 0.004).
Although Steller's jays did not differ in their latency to resume feeding behavior in response to seeing versus hearing a sharpshinned hawk (Figure 3 ), there were differences in their calling behavior. When Steller's jays saw a sharp-shinned hawk they gave more wah calls than the control and northern pygmy-owl (Figure 4a ; visual sharp-shinned vs. visual pygmy-owl: P = 0.010; visual sharpshinned vs. visual control: P < 0.001; visual sharp-shinned vs. acoustic pygmy-owl: P = 0.002; visual sharp-shinned vs. acoustic control: P < 0.001) with more wah elements than the other stimuli except seeing the northern goshawk (Figure 4b ; visual sharp-shinned vs. acoustic sharp-shinned: P = 0.017; visual sharp-shinned vs. visual goshawk: P = 0.936; visual sharp-shinned vs. visual pygmy-owl: P = 0.006; visual sharp-shinned vs. visual control: P = 0.009; visual sharp-shinned vs. acoustic goshawk: P = 0.051; visual sharp-shinned vs. acoustic pygmy-owl: P = 0.37; visual sharp-shinned vs. acoustic control: P = 0.001) and increased the duty cycle of their wek calls in comparison to hearing a sharp-shinned hawk (Figure 4c ; visual sharp-shinned vs. acoustic sharp-shinned: P = 0.027). And when they heard a sharp-shinned hawk, they gave more wah calls than the control and northern pygmy-owl (Figure 4a ; acoustic sharp-shinned vs. visual sharp-shinned: P = 0.396; acoustic sharpshinned vs. acoustic pygmy-owl: P = 0.002; acoustic sharp-shinned vs. acoustic control: P < 0.001; acoustic sharp-shinned vs. visual pygmy-owl: P = 0.018; acoustic sharp-shinned vs. visual control: P < 0.001) but they did not alter the number of wah elements per wah call or wek duty cycle like they did when they saw a sharpshinned hawk. Instead, they decreased the duty cycle of their wah call in comparison to the other acoustic stimuli (Figure 4e ; acoustic sharp-shinned vs. acoustic pygmy-owl: P = 0.028). Again, there were no differences between stimuli in the duration of the wah elements (P = 0.396) or the duration of the intervals between the wahs (P = 0.144), only in the ratio of wah element duration to interval duration. Unexpectedly, when Steller's jays saw a northern pygmy owl they also increased the duty cycle of their wek call similar to seeing a sharp-shinned hawk or a northern goshawk (Figure 4c ; visual pygmy-owl vs. visual sharp-shinned: P = 0.678; visual pygmy-owl vs. visual goshawk: P = 0.972). Finally, when they heard a red-tailed hawk they gave more red-tailed hawk mimetic calls than to the other acoustic stimuli (Figure 4f ; acoustic red-tailed vs. acoustic goshawk: P < 0.001; acoustic red-tailed vs. acoustic sharp-shinned: P < 0.001; acoustic red-tailed vs. acoustic pygmy-owl: P = 0.002; acoustic redtailed vs. acoustic control: P < 0.001).
DISCUSSION
We tested whether Steller's jays respond differentially to various levels of risk by presenting 4 species of raptors that varied in Alarm call response. Mean ± SE of (a) the average number of wah calls given, (b) the average number of wah elements per wah call, (c) the average wek duty cycle (duty cycle is the ratio of sound vs. silence), (d) the average wek elements per wek call, (e) the average wah duty cycle, and (f) the average number of red-tailed hawk mimetic calls. The white bars indicate response to the acoustic stimuli and the gray bars indicate response to the visual stimuli. The lowercase letters indicate differences at P < 0.05.
likely level of threat to jays and we also experimentally altered the detection cue (visual vs. acoustic) . Previous studies have shown that different aspects of predators and their behavior influence both behavior and acoustic responses of prey (Marler 1955; Seyfarth et al. 1980; Blumstein 2000; Templeton et al. 2005; Griesser 2009 Steller's jays responded differently depending on whether they saw or heard different predators: Sharp-shinned hawks were responded to with a longer latency to resume feeding regardless of being heard or seen; northern goshawks were responded to with a longer latency to resume feeding if they were seen rather than heard. Townsend's solitaires (control) and northern pygmy-owls were responded to as low threat regardless of being seen or heard. And when red-tailed hawks were heard they were deemed more threatening than the control and northern pygmy owl, but less threatening than sharp-shinned hawks and northern goshawks. This shows that there is an interaction between predator detection cue and predator species used in assessment of risk. It is not as simple as one predator being more threatening than another but instead Steller's jays are combining multiple sources of information to assess risk. Predators differ in their risk to prey and predator detection cue types differ in the information they provide to prey. And because predation is such a strong selective force, it is not surprising that prey use information from several sources to assess risk.
How does this influence alarm calls?
Previous studies have shown that information about predators can be encoded in different ways. Acoustically different calls can be produced for different types of predators (i.e., referential) (Seyfarth et al. 1980; Griesser 2009 ). Within a call type, there can be graded variation in acoustic characteristics such as elements per call (Templeton et al. 2005; Soard and Ritchison 2009; Fallow and Magrath 2010; Sieving et al. 2010) , calling rate (Griesser 2009; Colombelli-Négrel et al. 2010) , and call length (Ellis 2008; Yorzinski and Vehrencamp 2009; Wilson and Evans 2012) . Animals can also combine different note types in different orders and sequences to convey information about predators (Blumstein 1999; Griesser 2009; Suzuki 2014; Suzuki et al. 2016 ). Steller's jays change the number of calls, the number of elements and the duty cycle of the elements in response to the interaction between predator species and detection cues. Steller's jays' responses to predators appear to be complex and differ between their foraging behavior versus their alarm calling behavior. For example, Steller's jays did not distinguish between seeing or hearing a sharp-shinned hawk in how long it took them to resume feeding behavior (Figure 3 ) but they did alter their alarm calls differently depending on whether they saw or heard the sharp-shinned hawk (Figure 4a-c,e) . Many species of jays and their allies are known to mimic the sounds of other animals, including predators. Steller's jays produced mimetic red-tailed hawk calls mainly in response to hearing the calls of red-tailed hawks. We conclude that their production of these mimetic calls is not random, nor associated with sexual selection since they mimic red-tailed hawks all year. We also never observed Steller's jays give mimetic red-tailed hawk calls that scared others from feeding sites so that they could feed (Flower et al. 2014) . Thus, it does not seem that Steller's jays mimic raptor calls to deceive other jays so they can steal food (Flower et al. 2014) . Finally, in all of our red-tailed hawk presentations, we never observed a predator come to the area in response to the playback or the mimetic calls as predicted if the mimetic calls function as fear screams (Curio 1976) ; so, it does not seem that they mimic redtailed hawks to bring in other raptors to try and escape. Because Steller's jays produce mimetic red-tailed hawk calls almost exclusively in response to hearing real red-tailed hawk calls, we suggest that they function as alarm calls (Goodale and Kotagama 2006) . We did not have a robotic red-tailed hawk but it would be very interesting to test whether Steller's jays mimicked red-tailed hawk calls when they see (but not hear) a red-tailed hawk.
We cannot say whether these subtle changes in the alarm calls of Steller's jays are relevant to conspecifics or used to deter predators. The differences in alarm calls could be due to arousal levels alone and may not encode information about predator species, detection cue or threat level to receivers. Future research with playback studies would be fascinating to test if these changes are to communicate information about threat level to conspecifics or to deter predators.
Cues differ in their information content. When jays see a predator, they know its exact location, and when and where it moves. In contrast, when jays hear a predator, they know its general location but not much else about it. Thus, hearing a predator might be fundamentally more dangerous than seeing it (Blumstein 2000; Billings et al. 2015) . However, contrary to this, Steller's jays had a longer latency to resume foraging and gave more wah calls with more elements and a higher wek duty cycle when they saw rather than heard a northern goshawk. This may have been since the robotic raptors were all presented fairly close to the feeders (approximately 15-20 m away).
In our experimental design, we did our best to control for as many characteristics of predators as we could: type of predator (we used all raptors), distance (acoustic and visual stimuli were all presented at 15-20 m from feeder), predator behavior (all the roboraptors were perched and had heads that moved), and habitat (all feeders were surrounded by coniferous forests). We also attempted to control for body size and hunting strategy by selecting predators that either shared or differed in these attributes (Figure 2 ). However, we could not control for the experience of the free-living Steller's jays. Experience plays a large part in how prey species will respond to particular predators because cognitive properties and perception of risk can be closely linked to previous experience (Stankowich and Blumstein 2005; Chivers et al. 2016) . It is very probable that Steller's jays are eaten more often by northern goshawks and sharpshinned hawks than red-tailed hawks and northern pygmy owls. Thus, Steller's jays may have more experience with goshawks and sharp-shined hawks and that could be why they respond to them as higher threat.
CONCLUSIONS
Steller's jays varied the production of their wah, wek, and mimetic red-tailed hawk calls in response to different raptors and different detection cues. They did this by varying the number of wah calls, the number of wah and wek elements per call and the wah and wek duty cycle. This is similar to the graded variation in alarm calls of species with more complex alarm calls, such as Siberian jays, tufted titmice (Baeolophus bicolor), and Japanese great tits (Parus major minor) (Griesser 2009; Sieving et al. 2010; Suzuki 2014) . These results show that the assessment of risk from different detection cues depends on the species of predator and that even alarm calls that are relatively simple in acoustic structure can contain potentially large amounts of information about predators, which suggests unexplored frontiers of communication among animals.
